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An F&-Blkane-asaimilating yeast Candida maltose* con- 
tains multiple /a- alkan©- inducible forms of cytochromes 
P4S0 (P4B0alk), which cam be assumed to catalyze termi- 
nal hydroxylstion of n-alkaneg in the assimilation oath- 
way. Eight structurally related P450alk genes hav® boon 
Identified. In the present study, the function of four 
major isoforms of P4S0alk (encoded by ALK1, AZJZ8, 
AJLK3, and ALSS goaea) was investigated by\ sequential 
gene disruption. Autotrophic markero .used for the ae° 
lection of disrupted ©trains were regenerated repeat- 
edly through either mitotic recombination between het- 
erozygous alleles of the diploid genome or directed 
deletion of the marker gene, to allow sequential gene 
disruptions within a single eta-aim* The strain depleted of 
all four isotfbrx&o could, not utilise ftf«alkanes for growth, 
providing direct evidence that P^fiO&lk is ©soen^al for 
ro-alh&ne assimilation. Growth prop^jpiieD of a serrao^of 
intermediate disrupted strains, plAOTnid-based comple- 
mentation, and enzyme assays after heterologous ex- 
pression of single isoforms ravealed (i) that each of the 
four individual isoforms b> alone sufficient to allow 
growth on long chain ro-alhanej (ti) that the 4XS2rencod« 
ing iaoform to the most versatile and efficient PdBOalk 
form, considering both its' enzymatic activity and its 
ability to confer growth on n°alkanes of different ah*™ 
length; and (lift) that the ALSff-encoding isoform exhibits 
a rather narrow substrate specificity and thus cannot 
support the utilization of short- chain ra-alkaneo* 



Cytochromes P45Q are heme-containing mox1oosyg0nase.fi - 
that are distributed widely among living organisms (1), Higher 
eukaryotes generally contain multiple forms of cytochrome 
P450 catalyzing diverse oxidative reactions in the metabolism 
of a large number of endogenous and xenobiotic compounds. 
Depending on the induction level and substrate specificity of 
individual cytochromes P450, cellular metabolic processes are 
often effected by a specific ensemble of isoforms, making it 
difficult to distinguish their biological function. 

In microorganisms, such a cytochrome P450 multiplicity only 
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rarely can ber found, One of the microorganisms harboring a 
cytochrome P450 multigene family is an ra-aikane-aeaimilating 
yeast Candida maltosa (2-6). Resembling the situation in 
Candida trvpicalis (7), this yeast species contains n-alkane- 
indudble forms of P450 (P45Qalk), and eight structurally re-_ 
lated P450alk genes belonging to the CYP52 family were iden- 
tified. Coupled with NADPH-cytochrome P450 reductase (8), 
thoy are assumed to catalyze the terminal hydroxylation of 
n-alkanas, which represents the first and rate-limiting step in 
the tt-alkane assimilation pathway. The functions of the C. 
maltosa cytochromes P450 were first apparent from in vitro 
reconatitution of n-alkane hydroxylase and NADPH-cyto- 
chrome P450 reductase purified from n-alkane-grown C, mal- 
tosa cells (9) and could be confirmed later by in vivo GO inhi- 
bition studies (10). In addition to these investigations, recent 
studies revealed the enzymatic characters of some P450alk 
forms by means of heterologous expression in Saccharomyces 
cerevisiae (11-13). However/investigations about the cellular 
significance of individual P450alk isoforms for the rc-alkane 
assimilation pathway are still fragments! In particular, it 
remains to be clarified whether indeed such a P450alk multi- 
plicity is required for the n-alkane assimilation pathway of C. 
maUosa and to what extent each of the gene products of eight 
P450alk genes contributes to the respective n-alkane- 
assimilating phonotype. 

Recent development of the genetic engm&ering systems in- 
cluding host-vector systems as well as the gene disruption 
method, which enabled us to disrupt stepwise both alleles of a 
certain gene In the diploid genome by using two selectable 
markers, have greatly facilitated molecular biological analyses 
of C. maltosa (14-19), As an initial Btsp to address the cellular 
function of individual isoforms of P450alk, we previously dis- 
rupted the first isolated P460alk gene and found that the 
disrupted stain retained the • ability to utilize n-alkanes . as a 
solo carbon and energy source because of the rc-alkane hydroxy- 
lation activity of the other P4o0alk forms. In the present paper 
w$ describe the sequential disruption of multiple P450alk 
genes and show the effect of these disruptions on the n-alkane- 
assimilating property of C« maltosa. The results in this paper 
provide evidence that the difference in substrate specificity 
among multiple isoforms of P450alk in vivo can be detected 
clearly by using the gene disruption technique even in a non- 
conventional yeaat. 

EXPERIMENTAL PROCEDURES 

Strains and Media — Tho C. maltosa strains used in this study aro 
Hated in Table X. Media for C. maltosa were YPD (1% yeast extract, 2% 
Becto-pepton. and 2% glucose) and YNB (0.67# Yeaat Nitrogen Base 
(Difco) without amino adds and either 2% glucose or 1% rt-alkan&s), 
which waa supplied with appropriate nutriente. 5-Fluoro-orotic acid 
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Candida maltoaa strains ueed in this study 
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Strain 


Parent 


CHA1° 


IAM12247 


DA1-44 D 


CHAX 


CHAUl 


CHA1 


DA23-8 


CHAU1 


DA23-81 


DA23-8 


DA23-316 


DA23— 81 


DA23— 8164 


t~v Ana aic 


DA5-6 


CHAUl 


DA5-61 


DA5-6 


DA5-S11 


DAS-81 


DA16-2 


DAfi-en 


DAI 6-23 


DA5-2 


DA123-1 


DA23-3184 


DAI 2 3-14 


DAI 23-1 


DA236-2 


DA2S-S164 


DA2S5-24 


DA235-2 


DA2S6-243 


DA286-24 


DA1235-1 


DA236-234 


DA1235-12 


DA1236-1 


DA1286-121 


DA123&-12 



Genotype 



Relevant piurAOtype 



hisB, ode 2 Hia", Ad©", Ura* 

Ws5, ocisi, alkliiHISB/alkl.'ADEl His*, Ade + , Ura+ 

Ato5, odsi, ure,3 His", Ad© - , Ura" 

cufej, wrctf , cUk2-alk3\\URA3 /AH&-ALK3 Hia", Ado", Ura' 

>ua5, ocfei, uroJ, alk2-alk3v.URA3/alk2-alk3ilADEl His", Ade + P UrsT 

*fc5, ocfei. uraS, o/^-aZ^::C/^/a^-oi^::AacfcJ His", Ade", Ura* 

/us5, adei, ara5, alk3-alk3i:Aadel /alk2-aik3::&adel His", Ado', Ura" 

/iu5, orisi, uraJ, alkBi\URA3lALKB His", Ade", Ura* 

M5, ck&J, uraS, a/te::08AS/aJ*S::ADtf2 His", Ade", Ura* 

hiaS, odel, uraS, olkBrADEl /olkB/ADEl His", Ade\ Ura" 

/t**5, cu& l t urcS, cdkSvADEl I olkdvADEl oik 1::URA3 /ALKl His', Ade*, Urs* 

fcisS, ck&J, i^o5, olMSrAJOEJ/olhS-AVEJ olhhiURA3 / alklvWSB Hia*. Ad©*, Ura^ 

his6 t adal t uro3 t olk2-alk3izaadel /alk2<alk3::badel cdkl\\URA3 /ALKl Bis', Ado", Ura* 

htsB. ode2, ura3, alk2*atk3r.bctdel / alk2-alk3:: Acids 1 alhX::URA$/alkliiADEl Hie", Ade*. Ura* 

his$, wkl, wa3, alte-cWr.aadel/alkS-alteiiaadelt alk6::URA3 /ALKB His", Ade', Ura^ 

his6 t adel, ura3 f aMt2*alk3::A*del/alk2.oM3::oA&l f alh5::UBA3/alh6rADEl His", Ade+, Ura* 

hU6, ade 2, ura3, atk2-alh3v.*^l/ath2.alk3::&axkl, olkBrADEl /olkBrADEl His", Ade*, Ura' 
kis6 t adel, uraS, alk2-alk3::*ndel/alk2*lk3x*adel, alkSvADBl/alhSvADBX, alklrVBA3/ Hi*-, Add-, Ura + 
ALKl 

kUB> adel, uraS, alk2^lk3:;Aadsl /alk2~alh3::aadel, alkBvADEl/alkSvADEl, alklv.mA3/ Hi**, Ade\ Ura + 
alhlrJKSB 

hiaS t adel, uraS, alkS^LkSr.Aadel /alk2*alk3::aad*l, alk5"ADEl ZalhSvADEX, alklvJHSB/ His*, Ad©% Ura" 
alhliiHTSB 



9 Strains CHA1 (16), DAI- 44 (17), and CHAUl (13) ware described previously. 



(5FOA) 1 was added at a final concentration of 2 mg/ml. The n-alkane- 
assimilating property of the C. maltoaa strains was tested both in the 
liquid and solid YNB media. The bacterial strain Escherichia coli 
MVU9Q <A(trl-recA)3QftrtiaQ(tBt r ) Mlac-pro) thi' t supE (F*> praAB t 
lacI Q , lacZ&MIS* traD36)) was used for plaamid preparatious and was 
grown in LB broth, 

Plasmtd Construction and Yeast Transformation for Ctens Disrup- 
tions — A 1.8-kb HindLU-ScoX22L fragment of pCMU6 carrying the C. 



from a culture of 10 ml of YN3 -glucose roediuin as described (18). 
Southern blot analysis was performed with an ECL (enhanced chami- 
luminescence) gene detection system (Ameraham) In accordance .with 
the instruction of the supplier. For detection of the appropriate gene 
replacements of the ALK2^ALR3 locus, total DNA from the tranafor- 
mantB was digested with flamffl and Clal and probed with a 0.6-kb 
HindXH fragment of ALK3-B (aee Fig. 2). For the ALKB and ALKl 
replaeomonta, total DNA from the tranaformants was digested with 



maltoaa URAS gone (18) was aubcloned into the Hin dUl^Pstp sites ^of ifindlll and Patl-BglU, reapootxvely, and probed with a 2.1-kb Hindin 
pUC19 to construct pURAD. A 1.6-kb Sspl^ProUL fragment of the 6v fragment oiALK5-A and a 2.3-kb HindEJ fragment otALKl-Aj respec- 
moltoaa AD El gene (16) was cloned into the Salt site of pUC119\ tively. The appropriate replacements ware confirmed as follows. Both of 
through tho Sail linker to .construct pUADB. A 6.7-kb SaCl-BamlU N the intact alleles o£ALKS gave a 2.2-kb doublet band. The gonomic blot 
fragment carrying entire ALK2-B and ALK3-B gonoa and their 6'- and of the first atop tranafbrmant gave a 3.3-kb hand as predicted for the 



3'-ncmcoding regiona (4) was aubclonod into pUC19 to construct pUA23. 
For gene disruption of the ALK2-ALK3 locus, a 1.6-kb 5coRV-5o/rtHI 
fragment of pURAD and a 1.5-kb Dral-BamHL fragment of pUADE 
replaced a 4.1-kb BglU-EcoRV fragmont of pUA23 to construct pUD23U 
and pUD23A, respectively. The alk2-alk3::URA3 and the alkS^alkS;: 
ADE1 cassettea- for gene disruption wore excised from pDA23U and 
pDA23A, respectively, with Pstl-BamHn double digestions in both 
cases, and transformed into C. maltoaa. The transformation of C mal- 
toaa was performed by a modified lithium acetate- method (14). • For 
regeneration of the ADE1 marker, pDA23Aade was constructed by 
ligation of a l-3:kb Pstl-EcoRV fragment from -pXJp23A\:and a 1.8-kb 
EcoRV-BamHX fragment from^VA^ into th© Putl-BamKL sites of 
pUC19, and the alk2<tlh3::Aadsl cassette waa generated by digestions 
with Patl-BamKL for the C. maltosa tranaformation. In these three 
cassettes, the complete ALK2 coding region, NH fl -terminai one-third of 
the coding region of ALK3, and the ALK2-ALK3 internal region (1.0 kb) 
were replaced. , 

A 2.1-kb HindUhHindlU fragment a£ALK3-A (6) was subdoned into 
the HindXH site of pUCl9 to construct pUA6. A 0.9-kb BglU-EcoKV 
fragment of pUA5 was replaced with either the 1.6-kb BcoKV-Ba/nHl 
fragment of pURAD or tho 1.6-kb DraI«BamHL fragment of pUADS to 
construct pUDSU and pUDoA, respectively. The alkSwlIRAS and the 
alhSvADEl disruption cassettes were excised from pUDSU and pUDSA, 
respectively, with Psil-Scal digestions in each case. Both cassettes 
replaced the NH^-terminal 40% of the coding region of ALKB. 

A 2.8-kb 2?coT22lnffcoT22I fragment of ALKl -A (3) was aubcloned 
into the Pstl site of pU0ll9 to construct pUAl. A O.S^kb JffcoRV-^coRV 
fragment corresponding to the central one-third of the ALKl coding 
region waa replaced by a 1.8-kb Hin dill -.Bam HI fragment of pURAD 
containing URA3 through blunt end ligation to construct pUDlU. The 
alkl::URA3 disruption cassette was exdaed from pUDlU with Sphl- 
BamKI digestions. The construction of the other plasmids for the ALKl 
disruption, pUD46A and pUD46H, was described previously (17), 

Southern Blot Hybridization — Total DNA of C. maltoaa waa isolated 

1 The abbreviations used are: 6FOA, 5-fluoro- Orotic acid; kb, kilobase<s). 



replacement with URAS in addition to the 2.2-kb band of the undis- 
ruptad allele. That of the second stop transformant gave new 1.0- and 
2,0-kb bands as predicted for the replacement with ADE 1 in addition to 
the S.3-kb band for the URA3 -replacement, and the 2.2-kb band for the 
intact ALKB allele disappeared. In ALKl disruptions the genomic blots 
of the tranaformants for the replacements with URA3, AJ0E1, &ndHIS6 
gave 8*2-, 9.1-, and 9.8-kb bands, respectively. Disruption of both alleles 
at ALKl was confirmed by detection of each of the two respective bands 
for the replacements and by the disappearance of the 7.0-kb band for 
the intact aliolo of ALKl, A 0.9-kb Sail fragment of pTJRAD (18), a 
0.7-kb .BcoRI-ScoRV fragment of ADE 1 (16), and a 2.3-kb EcoKl-Hin- 
dm fragment of HI3$ (16) were also used as probes to confirm the 
replacements of URA3, ADS 2, and HISS, respectively. 

P450 Induction Experiments — To determine the expression level of 
spectrally active P460 in the wild-type strain CHAUl as well as in the 
disruptant strains DA235-24, DA123-14, and DA12S5-12, respective 
cultures were first grown to a density of about I X 10' ceUs/nal in a yeast 
minimal medium containing 1.34% Yeast Nitrogen Base, 2% glucose 
and, as required, histicUne (50 mg/Uter), adenine (100 mgVlitor), and 
uracil (40 mg/liter). Then colls were washed in the fraah medium with- 
out glucose and cultivated under the same conditions except for 1% 
dodecane ae a sole carbon source. P460 contents were determined after 
an induction time of 4 h by means of CO difference spectra (10). 

Plaamid Construction for Plosmid-bosed Complementation — A 
1.8-kb Potl-Xhol fragment of the TRA region, which contains an auton- 
omously replicating sequence and a centromeric DNA of C. maltosa 
(19), was isolated from the vector pTRAll (14) and cloned into the Pstl 
site of pUC18 through a Pstl linker. From the resulting plasmid a 
1.8-kb Pstl fragment was inserted into the Aafll site of pUCl9 through 
blunt end ligation. Then a 1.2 -kb DrahXbal fragment of URAS from 
pURAD was inserted into the Xhol site of the TRA region through an 
Xhol linker to construct pUTUI. A 2.8-kb BamJXl-Sphl fragment of 
ALKl -A isolated from pUAX was inserted into the BamHI'Sphl sites of 
pUTUI to construct pUTU-ALKl. A 2.6-kb BgJIl fragment of ALK2- A 
and a 8.3-kb£coT221-£coRV fragment of ALK3-A were inserted into the 
BamHl site and the PstLSmal sites ofptTTUl to construct pTJTU-ALK2 
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and pUTU-ALKS, respectively. A* 8.&.kb Pstl^coBl fragment of 
AUCS'A was inserted into the Patl-Sm&l sites through blunt end liga- 
tion to construct pUTU-ALK5. 

Exchanges of the promoter regions of ALKl. and AJLKS genes ware 
done by polymerase chain reaction as follows. To obtain recombinant 
products having ALKl promoter and ALK5 coding region, n™*™ R' 
tACA^^^ATT^TOAAATACTT^f' ^«S£53& 

A I S ^ CCAGATGT ! A 7^ TG - 3 ' wero ^ *«" P «3uSh£ 
mgALKB promoter.and AfJTi coding region, primers s'tAAAGTA 

AXATTTTTAGTITAATCTTATTTAAA-a', r^^^^tSS 
derhno, eorreapond to tho translations! Initiation codone. As flanHng 
P T el ?^^ T °^' aTd aBd Iwersa ""flW"^ Primers wara used. Has- 
™i da PUTU-ALK1 and pUTO-ALKS wer^Sw templates teOe&Bt 
polymerase chain reaction step to obtain the respective promoter end 
coding region. Than the second polymerase chain reaction step gener- 
^^fff^ C0 '^ U ^P roiw!tB - The PK*J"«w were cloned into 
«^..fi^ lta 2. af pU T™ t0 86nrt ™ ct PUTU-A1/A6 (ALKl pro 
andAUK eod»8 region) and pUTU-AS/Al CALXS-promoter and 
AZJH-codins region), roaperttvoly. 

fliWogofca Expression and Enxyme Afl*iy-ConBtruction of the 
^J!S^rr ,TO ,!! Ct0 ^^ 8 l fi>r simultaneous production of the 
£*SS? C P^Oalk forma and NADPH-oytechromo P46^ 

reductaee was described previously (13). HotarologouTS^on in & 

, c ^."l 9d , ou ] r "^?„ the mlcroaomal fraction using [l^dodecene 
SK£%S ; C,ha3t8deeaaa tAjnarata ^ subsists. JiS 

RESULTS 

DterwpHon o/'Singfc iocr-Wa have shown that four out of 
the eight P460alk genes of C maW are significantly induced 
byn-aJWa and may thus encode P450 enzymes directly m- 

four genes hays been designated ALKl, ALE2, ALK3. and 
aT? f < ^ em i . occu » » two 8»elic variants in agreement 
with the diploid nature of C. maltosa genoma. Previous gang 
disruption experiments revealed-that a C.maltoea strain de- 
^ m ^fl/ 6 ^^ 4118 -baity to grow on long chain 
n-alkanes (17). Therefore, it haa bean the first objective of the 

ETft t each °f the . other three n-alkane- 

inducible P450alkganes (for the experimental strategy applied, 
see Fig^l) and to examine on this basis their contribution tolfoe 
phenotype of n-aikane assimilation. 

As a parental strain, C. maltota CHAU1, in which three 
ISSS?* autotrophic markers adel, and Ai*5) were 

HSSd^r d (1 , 8) ' Ta ^ advanta ^ of the fact that 
ALK2 and ALKS axe clustered In about a l.O-kb distance (4) 
these two genes could be disrupted simultaneously by a single 
gene replacement. Strain CHAU1 was first transformedwSh 
the rik2-alk3j,URA3 disruption cassette to uracil prototrophy 
To disrupt the remaining intact allele cSALSS-ALKS the re- 

^T^fn^™^ WSa ^ transformed with the 
alk2.alk9vJU)El disruption cassette. The appropriate gene die- 
ruptaoa was detected by Southern blot analysis of the genomic 
DNA of the first step Ura + transformant (strain DA23-6) «rt 
the second step Ura + -Ade + transformant (strain DA23-81- see 
ftg. 2, lanes 2 and 5). The resulting strain DA23-B1 (hiaS ^tU-i 

both aUeWA&E8ULB3 locus. As in the caae of the disrup- 
tion QtALK2-ALK3> the disruption of AUK was also perfi^med 
using stepwise URA3 and ADB1 ae selectable marW ttue 

8 Sfl^!?« t a* DA6j81 (A£s5 ' alkSv.URAS/ 

alk$:-ADEl) from the parental etrain GHAUl. 

The growth phenotype of the strains DA23-81 and DA5-61 as 

SSS^ 8train «• ahown S 

lawe H All of these strains were able to utilize at least me- 
dium and long chain n-alkanes (CM and C16) as sola carbon 

?f£ a l r°£f 0W t h ' mdicatk « ^ Mn e ^ th<» three loci (ALKl 
ALK2-ALK3 . and ALKS) was solely essential for n-alkaneS 
Similatmg abihty of C m«/ <osa . However, it was obvioua that 
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DA23-8164 

His'. Ade" Ura" 



DA235-24 
ICs- Ade+Ura + 



. alkhiURA3 
alklvADEl 



atk5::URA3 
atkSoADBl 



5FOA 

alkl::VRA3 

atkI::HlS5 



DA123-14 
,. His-,.Adet Ura+ 




FdaI233-12U 

L 



HlsfAdetUra- 



analyse their properties in the.».olkaoe aaaimilaoon. The-otmm^S 
genotwes wore confirmed by Southern HtaTS^ rfSKSSSS 

^uSI^ 0 de80llb6d ^tails. see 



the^owth of the strain DA1-44 showed significant but weak 
growth on the nralkane. of short ohain length (G12) compared 
with the parental and the other strains.^ P 

Regeneration of Selectable Markers— To investigate the Cel- 
Si^^ Cti0a °l ia( ^ vidu « 1 P460alk ieofonns, the respective 
P460aikgenes had to bo disrupted simultaneously within a 
single strain. However, because tha initial round of disruption 
resulted in a Ura- and Ada* phenotype and only tha HISS 
marker was available, methods to restore the selectable mark- 
ers to the disrupted etraine should have been developed to 
permit MttoUoi of the markers for further disruption of the 

^ P J f 50 ^5 ne8 - 111 o* 6 me ^<i. tbe. introduced se- 
lectebla marker ADB1 was. substituted for a deletion derivative 
of it by^means of cotranrforroatioh with a selectable plaamid to 
faphtate the selection of the replacement. The AlXSJ^letinir 
cassette o^2-a»5:^nde2 was transformed into strain nA2S-BT 
along with an J^-containing autonomously repucating plas- 
mid, pBTHlOB (16). Among the resulting HiV l^formaxS 
some developed red colored colonies characteristic of the adel 
mutant. They were tasted for adenine auxotrophy, and the 
appropriate replacement with the alk2. a lk3::Aadel cassette . 
was i confirmed by Southern blot analysis of the genomic DNA of 
^ ^ DA23-816 (Fig. 2, lane 4). Then, the plaamid 
pBTHlOB was cured from the strain DA23-816 by growth on 
nonselective medium. 

The otter methods used for the regeneration of a selectable 
marker m a single strain were based on the selectability of an 
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FiQ. 2. Gene disruption of ALK2-ALK3 and rogon oration of 
selectable merkesre. -Pan«/ A, restriction maps are presumption from 
the gene disruption and regeneration experiments of the ALK2-ALK3 
region* The predicted lengths of the BamSXL-Clal fragments are indi- 
cated. The thick bar indicates the probed region (tho 0.6-kb Hindtll 
fragment) used for Southern blot analysis. Panel B i the autogram shows 
Southern blot of genomic DNAfl digested with BamHJ-Clctl. Numbers in 
the left of the autogram are the sues of the fragments hybridized. Lane 
l t strain CHAU1; lane 2, DA2S-B; tan*-3 t DA2S-81: lane <f, DA23-816; 
lane 5, DA23-S164. The genomic blot of the strain CHAU1 gave only tho 
7.0-kb doublet band of both alleles otALKZ^ALK3 {lam 1\ whereas that 
of an Ura^ transfbrmant, strain DA23-S, gave a 4.7-kb band, ao pre- 
dicted for the replacement with the olk2*alk3::URA3 in addition to the 
7.0-kb band of undisrupted allele {lane 2), Hybridization of the second 
step Ade"* transfbrmant, strain DA23-81, revealed that the 7.0-kb band 
far the undiarupted allele of ALK2-ALK3 had disappeared, and only the 
predicted bands for the replacement with the alk2-alk$::URA3 and the 
olkS alkStADSl, a doublet band of 4.7 and 4.6 kb T respectively, were 
detected (tone 3). The replacements with URA3 in the 4.7-kb band 
{lanes 2-4) and with ADS 2' in. the 4.6-kb band (lane 3) were con firmed 
by reprobxng the same blot with URA3 and ADE1, respectively (data not 
shown). The appropriate rep la ceme n t of the alh2-alk3vADEl allele 
with the deletion dertvativo of ADE1 {aadel) was confirmed in strain 
DAZS-eXe {lane 4). The predicted band for the replacement, 3.5 kb, was 
detected in addition to the 4.7-kb band for the alk2-alk3:iUHA3 allele. 
When probed with AD El, the 4.6-kb band of alkS-alkSsADEl in the 
strain DA28-61 {lane 3) had disappeared in the strain DA23-S16 (data 
not shown). Hybridisation of a 5FOA-rosistant and Ura" strain, DA2S- 
8164. showed that the 4.7-kb band for the alk2-alk3i:URA3 allele had 
disappeared and that tho 3.6-kb, doublet band of the ottk2*alk3\\&tidel 
was detected The 4.7-kb band for the alk2-alk3::JJRA3 had also disap- 
peared in strain DA23-6146 when probed with CZRA? (data not shown). 

ura3 mutant by their resistance to 5FOA, a toxic analog of an 
intermediate in the uracil synthetic pathway. Application of 
the 5FOA selection of a uraS mutant in C. maltOBa has already 
been shown an a previous report (18). Spontaneous 5FOA- 
reaistant strains were selected from the strain DA23-816, and 
their uracil requirement was tested. Southern blot analysis of 
a Ura" strain, DA23-8164, indicated that this strain was ho- 
mozygous for alk2-alk3::nadel (Fig. 2, lane 5). As previously 
shown, a recombination event between both alleles occurred 
frequently during the selection of 6FOA resistance. (18). The 
straiaDA2cV8146(Ws$,ctffl^Ki^ 

battel) was devoid of ALK2-ALK3 in both alleles; nevertheless, 
three selectable markers could be utilized further in this strain. 

Development of Multiple P460alk Gene Disruptions and 
Their Effects on n-ALkane AssimUoMon—Mut&titB containing 
multiple P4o*0alk gene disruption were generated according to 
the scheme shown in Fig. 1. The complete set of disruption in 
all the three P460alk loci, ALKl, ALK2-ALK3, and ALK5 t was 
obtained by sequential disruption. The complete genotypes of 
the strains generated are listed in Table I. In each step, the 
appropriate genotypes were confirmed by Southern blot anal- 



Table II 

Growth properties of cytochrome P4G0alk gene disruptants on 
n-alhanes of different chain lengths 



Strain 



P4S0 form 
ax proa Bad 



Carbon aourcs 



a-£>odecane a-Tetradecane n-Hexadacaoa 



CHAU1 

DA1-44 

DA23-81 
DAoVSl 

DAI 5-23 
DA123-14 
DA23S-24 
DAl23o-12 



ALKl, ALK2, 
ALKS, ALK5 
ALK2, ALKS, 

ALKS 
ALKl, ALKS 
ALK1, ALK2, 

ALKS 
AXJC2, ALK3 

ALKS 

ALKl 

None 



+ 

+/- 

+ 
+ 

+/- 

+ 



+ 

+ 

+ 
+ 



+ 

+ 
+ 

+ 

+ 



ysis of the isolated strains (see "Experimental Procedures"), as 
shown in the case of the disruption. 

The growth properties of F460atk gene disruptants on n- 
alkanes of different chain lengths as sole carbon sources were 
examined (see Table II). Strain DA1235-12, in which all four of 
the genes were disrupted, could not utilize n-alkanes of any 
chain lengths for growth, although this strain was able to grow 
on n-alcohols and fatty adds as sole carbon sources. The growth 
property of this strain indicated that the sequential gene dis- 
ruption resulted in a complete functional block of the n-alkane 
assimilation at the first step. 

Strains DA12S-14, DA235-24, and DA16-23, in which two of 
the three loci were disrupted, showed good growth on CIS, 
indicating^that each of the products of the three loci was alone 
sufficient for the assimilation of long chain n-alkane. Interest- 
ingly, a specificity of the n-alkane-assimilating property was 
observed depending on the chain length of n-alkanes. The 
strain DA123-14 could not utilize C12 at all for growth, 
whereas the other strains grew significantly on this substrate, 
although some of them showed weak growth. And the strain 
DA12S-14" alone showed weak growth on C14. This growth 
property of the strain DAI 23- 14 indicated that the ALK5 prod- 
uct that remained functional in this strain could function fully 
only on the long chain n-alkane. Strains devoid of ALKl 
showed merely poor growth on C12, whereas strains expressing 
ALKl showed good growth on C12. These results indicated that 
the ALKl product played an important role for assimilation of 
short chain n-alkanes. 

To prove the expression of spectrally active P450 in the gene 
disruptant strains, P460s were induced by Cl2 as described 
under "Experimental Procedures.** Whereas the wild-type 
strain CHAU1 expressed a significant amount of P460 (0.11 
nmol/10 s cells), no significant expression of P450 was observed 
in the P450 disruptant strain DA1235-12. Under the same 
conditions, the presence of P450 could be detected clearly in 
strain DA235-24 (0.09 nmol/10 8 cells) and DA123-14 (0.02 
nmol/10 6 cells). Interestingly, in the strain DA235-24 in which 
only the ALKl product remained functional, almost 80% of the 
P450 amount of the wild-type strain could be found, indicating 
that this P450 form was most abundant P450 in C» maltosa. In 
contrast, the amount of P450 in the strain DA123-14 in which 
only ALKS remained functional was less than 20% of the wild- 
type strain. 

Plasmid-baaed Complementation with Each P450alh Gene — 
Function of individual P450alk genes toward n-alkane assim- 
ilation was analyzed further by pi as mid-based complementa- 
tion. Each of four entire genes having 5'- and 3 '-flanking 
regions was cloned into pUTUl, which carried both an auton- 
omously replicating sequence and a cenfcromeric DNA sequence 
of C. maltosa (19), transformed into the strain DA12S5-121, 
which was devoid of all four of the genes and in which the 
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Table in 

Plaamid-baaed complementation of the n-alkane. assimilating 
properties of the strain DA123 B-121 

Planmid Ann Cariwm aonree 

npreased n-Dodocane /i-Tatrademm n-HoxaHerona 



pUTUl 
pUTU-ALKl 
PUTU-ALK2 
pUTU-ALKa 
PUTU-ALK5 
PUTU-A6/A1 
pUTU-Al/Afi 



None 
ALKl 
ALK2 
"ALK3 
ALUS 
ALKl 
ALKS 



+ 



+ 
+ 



+ 

+ 
+ 

+ 

+ 



Table iv 

Arfwify ofC.jnaltosa cytochrome P4B0alk isofyrms 
toward n-dockcane and n-hsxadecane 
Heterologous over expression of individual P450alk forma in * „„. 

™f^0-380 (nmoIAng of protein) P450 wdTKcCoWof 
^it^T^^f?* 10 C <**vity were used for measm*» 

bydroaylibon activity. Valuos given in psMntbesoa^ndfcata 
axp^jgnt, dono. The hydroxylation data deterKd 
taSwS1ftoa»" rfthe C " »«*••■ cytochromes P«0 



£/^-selectable marker could be utilized, and examined for 
"'^^u 3a " mla , tmg pr0pertv ' Table HI summaries the re- 
"2? frSf colaplem6lltati011 experiments. Complementation 
with AL^ resulted in the complete recovery of *-alW 
nnulatmg property, to utilize n-alkanes of different chain 
length as sole carbon sources for growth. Although the disrup- 
tion expmmanteeould not distinguish between tho function of 
the products of ALK2 and ALK3, the results ofthXmpW; 
tafaon indicated that both the ALKS and the ALKS producto 
solely could function significantly in assimilation of n-alkanes 
of different chain length. However, both complemented strains 
ffrew only weakly on CVS as in the cases of the ALfitf-disrupted 
strains Unlike these three genes, ALKB was able tocomp^ 

Z^SZSl^"**' ° f '*- aIW9 ™ ™* C16 but 
To dUtthguish whether the functional specificity of the ALKS 
S dependmg °» chain length of n-alkanes waere- 
sponsible for ate aaaymatic activity or for its expression level 
*vo Plasimds m which the prompter regions of ZlW and^SS 
ml^^T^ W T examin8d for ability to comple- 
Table HI). The strain carrying pUTU-Ao/Al, which had the 
AC^ff promoter region and the ALK1 coding region, grew wall 

PUTU-1A«A, which had the ALK1. promoter region anTSe 
Xf5 cod ?5 sr«w only on the long chain n-alkane 

Sr^r™*"^ swwth P'oPerty of the strain carrying 
pUTU.ALK5A. The cellular P460 contents after inductS^ 
C12 were found to be neerly the same for bothetrains (0 03 tod 

^f^- Theee results indicated that al- 

th!?S^ Wfte indUCed by 012 40 ^ e «gaifictot amount in 
the cell, the presence of flie^. protein iteelf didnot conX 
growth on CX2, disclosing a restricted substrate 
specificity of the ALKS product toward C12 

matic actmtiea of individual P450alk isoforms were character- 
ed by means of turnover rates toward n-alkanes. Because 

UnS t,iT? ° f P46 ° " com P la ^nted strains were 
hunted, heterologous overaxpressions of individual P450alk 
forms in another .yeast, S. cerevisiae, in which the related 
activity »s absent, were applied. A highly active P450 monooxy- 

NATO»TT tUti ^ 67840111 bating of P460alk and 
NADPH- C ytoch Mm9 P450 reductase from C. has beto 

estabUahed already in oi„o in S. cerevisiae (11, is). MicroaonS 
fractions were prepared from the respective strains oven*, 
pressing P460alk and then assayed for P450alk^Tod a d w 

sSL^ tW^ 1 ^ *° Btr ° nffeat ^^lase acivS 
S!!^ L rt , Waa 4118 m08t important P450alk form for the 
primary hydroxylation of n-alkanes. Products of ALKS and 
ALK3 showed ft-alkane hydroxylation activities of approxi- 

Zftl^A^^ 1 pT0du «- ~«P^vely. N^preforXce 
the activity depending on n-alkane chain lengths was observed 



P450 form 


Activity 




/i-D«iocane (C^) a-Heicadocane (O lC ) 




Alkl 
Alk2 
AlkS 


n«ao/ product /nmol P4S0/min 
44,0 3:3.2(3) 46,0 2 8.0(4) 
26.5 5: 1.5 (3) 22.0 s 1.9 «j) 
26.0 ±3.3 (3) 23.2 ± 2.7 C5) 
18 2: 0.5 (3) 11.6 S 3.3 (6) 


0.92 
1.16 
1.12 
0.16 



for these three P4fi0alk forms. The ALKS product showed rel- 
atively weak but significant activity toward CIS (approxlmate- 

activity toward C12. The substrate specificity of the ALKS 
product toward the long chain n-alkanes was congruent with 
the resulte of the sequential gene disruption. 

DISCUSSION 

To our knowledge, this, is the first report about gene disrup- 
tionof mulfaple forms of cytochromes P450 and about its direct 
pSjI 11 Phen ° tyl f- ?} e fl aquential gene disruption of the 
P^Oalk genes resulted in a C. nrnltosa strain (DA^3a-12) that 
could not utihzB j.-alktoaa ^ 8o]a carbon boutcos for growth 

P460alk gtoea were manipulated in the genome, thielesult 
provides *reot evidence that P450aik participates^ ^ n- 
a^^rmlation pathway. In the proposed *.alkane asaim- 
dafaon pathway, n-alkano is first hydroxylated at the terminal 
P ^ UCQ ^-alcohol and then oxidized successivelyto 
^ -fT^ f 10 ^^ of *ba disrupted streJnttiat 

tod fa^ fl ^T 1 ^ te 1 rt " <UI r e8 bu * Wuld ^ «> "-al^bola 
tod fatty acids aa sole carbon sources .dearly correlated with 
l„lJ2 mi ? "-alkane-hydroxylating activity of the P4S0alk 
engymes shown here and in previous studies (5, 9, 12, 18) 
coming that P4B0alk catalyzes the W step of n-^^ 
assimilation This growth property also indicates that none of 
the four isofonne analyzed is essential in the further down- 
a^amsteps.of the assimilation pathway, although considS- 
able fatty acid ^hydroxylation activityhas beeTshow^ Z 
some of them (6, 11-18). I0r 

hv^f^T H 1WP f 5 t faactioa of the four P4B0alk forms toward 
hydroxylation of at least long chain n-alkanes is supported by 

^^t™* 9 ^ i-alkane-nonasainnlating strain and that 
'* Cb .°;^'/ 0Ur SfW8 oould complement the assimilating abil- 
ity of the disrupted strain. Purthennore, their n-alkane hy- 

Z^^ZltTZ^ ctofi " aed directly by an in vZ> 
beterologpus overexpression system 
ihe ALK1 product is the most important P460alk isoform 

STI'T tt 7" pr T nt » 4119 growth was 

; J^Z 011 "' alkane3 of ^ ^ain length. Its functional 
im^rtence woa supported by the strongest in ofcn, enzyme 
££?JL 8 ^ P f 0alks examined as weU as by the con- 
siderable amount in the cells as shown in the strain DA236-24 
m which only the ALKl product was the functional P460alk. 
The absence of ihe functional ALKl product in the series of 
d^ptante resulted in weak growth on the short chain »- 
alkanes. indicating that the ALKl product is not esseSTbut 
necessary for full activity for the Issimilation of short ened 
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Ti-alkanea. Because the previous analysis of the gene disruption 
of ALKl had been done uaing only n-hexadacane (17), we could 
not find this importance. The ALK2 and the ALK3 products can 
also hydroxylate rc'-alkanea of any chain lengthy although their 
function on short chain n-alkanes is restricted. However, the 
ALK6 product demonstrated a narrow spectrum toward long 
chain n-alkaneg t The in vivo complementation experiment us- 
ing the promoter-exchanged constructs and the direct in vitro 
enzyme assay (see Tables III and IV) showed that the func- 
tional specificity was affiliated not to the expression level of the 
enzyme but to the enzyme activity itself. 

Previous analysis on the induction of individual P450alk 
genes (6) revealed that ALKl is induced strongly by short chain 
n-alkanes but relatively weakly by long chain n-alkanes. This 
result is congruent with the functional importance of the ALKl 
product on short chain n-alkanes. However, ALES is induced by 
both long and short chain n-aJkanes, whereas its product showB 
the substrate preference toward long chain rc-alkane. Further- 
more, although the four P450alk isoforms are not essential for 
the following steps of n-alkane assimilation .pathway, three 
genes, ALKl, ALK2, and ALR5> are induced weakly but repro- 
ducibly by n -alcohols and fatty acids. The regulation of the 
expression of individual P450alk forms is not simply correlated 
with their functions. 

The P4€0alk gene family in C. maltosa consists of at least 
eight members (6). The four isoforms characterized here are 
significantly induced when the carbon sources are n-alkanes, 
whereas the other four genes (ALK4, ALK6, ALK7, and ALKS) 
are induced only at low levels by n-alkanes as well as n-alcohols 
and fatty acids. The growth property of the n-alkane-nonas- 
similating strain indicates that these undisrupted four P45Qalk 
genes cannot function fully on the assimilation. However, fur- 
ther analysis such as in vitro assay using heterologous overex- 
preBsion is necessary to ' .determine whether they have enzy- 
matic activity toward n-alkanes. 

Methods to restore the auxotrophic requirements to cells 
previously transformed to respective prototrophy with the se- 
lectable marker genes have been developed here in C. maltosa 
to allow sequential gene disruption within a single strain. 
According to the strategy used previously (17), only both alleles 
of a single gene could be disrupted in a stepwise manner using 
two selectable markers. The cotransformation with a selectajd© 
autonomously replicating plasmid facilitated the selection of 
the regeneration of the adel auxotrophy. Moreover, the strain 
regenerating the adsl marker could be distinguished easily 
because of red color development of the colony. Although the 
condition for the cotranaformation was not optimized, a fre- 
quency of one adel Btrain among approximately 300 His* 
transform ants was obtained. Such a cotranaformation strategy 
has also been applied in C, albicans where the gene replace-, 
ment was selected by colony hybridization (20), 

The 5POA selection method also allowed us to regenerate the 
uraS marker by means of the positive selection of a ura3 mu- 
tant. The strain having heterozygous disrupted alleles, one 
replaced with URA3 and the other by another marker or its 
deletion derivative, was rendered homozygous through mitotic ' 
recombination. Such a recombination \^aa observed frequently 
in our previous study, in which urad mutants homozygous for 
disruption were obtained from the Btrain heterozygous for dis- 
ruption by selecting the 5FOA resistance (18). Almost all uraS 
mutants isolated by the 5FOA selection in this and in the 
previous studies were homozygous for disruption with a few 
exceptions, in which a local mutation in the C/AU-carrying 
allele occurred. Such a strategy for the disruption of both 
alleles of a single gene has been applied previously to C. albi- 
cans, where UV irradiation has been uBed to facilitate recom- 



bination (21). The repeated use of URA3 for sequential disrup- 
tions has also been reported in C. tropicalis (22). In the case of 
C. tropicalis, Bince only URAS has been available as a select- 
able marker in the host strain, the regeneration required the 
nystatin enrichment of ura3 strains. In principle, the combina- 
tion of the two methods for regenerating the auxotrophic mark* 
era would allow us disruption of a nonlimiting number of geneB 
in C* maltosa. 

The disrupted strain unable to assimilate n-alkanes may 
provide a useful host for further investigation of structure- 
function relationships of P4S0alk because mutant-type 
P450alks, the wild-type of which is nonfunctional on a specific 
substrate, can be positively selected by its n j alkane assimilat- 
ing phenotype if they are functional. Because the structures of 
the four isozymes are significantly similar (56-67% amino acid 
identities) to each other (4, 6), F450alk is a suitable model for 
such a study. Industrially, C. maltosa may also be useful for the 
production of some hydrophobic metabolic intermediates pro- 
duced by a selected P460alk form such as dlcarboxylic acids. 
Some P450alk isoforms should play important roles for the 
production because considerable fatty acid o>hydroxylation ac- 
tivity has been reported for them (6, 11-13). In combination 
with the functional block of the ^-oxidation system by gene 
disruption as described in C, tropicalis (22, 28) and C. maltosa 
(24) and gene disruption of the appropriate P450alk forms as 
described here, it may be possible to construct an efficient 
strain for production. 

AzkTwwledQmfmU — Wo are grateful to Rose-Mario Rosier for techni- 
cal assistance. 
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